Mortality rates increase immediately after periods of high air temperature. In the days and weeks after heat events, time series may exhibit mortality displacement-periods of lower than expected mortality. We examined all-cause mortality and meteorological data from 1980 to 2009 in the cities of Atlanta, Georgia; Boston, Massachusetts; Minneapolis-St. Paul, Minnesota; Philadelphia, Pennsylvania; Phoenix, Arizona; Seattle, Washington; and St. Louis, Missouri. We modeled baseline mortality using a generalized additive model. Heat waves were defined as periods of 3 or more consecutive days in which the apparent temperature exceeded a variable percentile. For each heat wave, we calculated the sum of excess and deficit mortality. Mortality displacement, which is the ratio of grand sum deficit to grand sum excess mortality, decreased as a function of event strength in all cities. Displacement was close to 1.00 for the weakest events. At the highest temperatures, displacement varied from 0.35 (95% confidence interval: 0.21, 0.55) to 0.75 (95% confidence interval: 0.54, 0.97). We found strong evidence of acclimatization across cities. Without consideration of displacement effects, the net impacts of heat-wave mortality are likely to be significant overestimations. A statistically significant positive relationship between the onset temperature of nondisplaced heat mortality and mean warm-season temperature (R 2 = 0.78, P < 0.01) suggests that heat mortality thresholds may be predictable across cities. apparent temperature; harvesting; temperature; heat; heat waves; human biometeorology; mortality displacement; United States Abbreviations: AT, apparent temperature; MAT, maximum afternoon apparent temperature; MDR, mortality displacement ratio.
Periods of high heat are believed to have a considerable effect on human health. Daily mortality rates increase monotonically with temperature above a certain location-specific temperature threshold in many midlatitude climates (1, 2) . Mortality often increases over prolonged periods of elevated heat-the so-called "heat-wave effect" (3) . Understanding the mortality dynamics during and after periods of high heat is useful in targeting especially dangerous heat waves and forecasting the health burden of individual events. It remains difficult to quantify the net effect of a heat event in these cases because of confounding variables (such as poor air quality, seasonality in mortality, and occurrence of multiple heat waves) and the complexity of lagged responses (4) .
A large number of heat-related deaths occur on the same day as or 1 day after a day in which the atmospheric temperature is excessively high (hereafter referred to as high heat) (5-7). Generally, anomalously high mortality rates do not last for more than 3 days (4). Lagged effects, in which the impact of a heat event influences subsequent mortality, can last from 3 to 30 days after the high heat, and there is little consensus among researchers on the duration of the effect (4, 8) . Mortality displacement is the hypothesis that some excess deaths that occur during and shortly after a heat wave are deaths that would have occurred in the coming days or weeks, regardless of whether there was stress-inducing heat. Observed negative mortality anomalies in the period after a heat event can be supportive of this hypothesis. The displacement phenomenon largely affects a frail subset of the population, such as those with chronic illness, and is expected to vary based on the overall health of a population and the prevalence of certain demographic characteristics (9, 10) . A mortality displacement metric has been presented as a ratio of the sum of negative mortality departures from a baseline divided by the sum of positive anomalies over some duration that includes the heat wave and the period immediately after (2) . In the present study, we adapted this method of quantifying displacement to 7 major United States cities.
The displacement phenomenon is not limited to heat stress; air pollution and cold spells may cause mortality displacement as well, on time scales that span multiple seasons (11) (12) (13) (14) . Mortality displacement can mask thresholds in the relationship between particulate matter air pollution and mortality; it is conceivable that mortality displacement related to high heat may exhibit a similar tendency (10) . There is limited evidence that mortality displacement varies regionally and may be larger in milder climates, but the number of cities examined remains small (2, 8, 15) . In surveys of US cities, it has been suggested that displacement is weaker in more extreme heat events (16) and could be affected by the duration of the heat wave (17) . It has been well-documented that there is a higher number of deaths during heat waves that occur earlier in the season (18, 19) , especially in northeastern US cities (20) , but this response is not consistent and the association of seasonal timing with possible displacement is unclear (21) . For individual heat waves, estimates of displacement range from 6% to 71% (2, 22) . There is a similarly large range in the overall estimates of heat-related mortality displacement in temperate regions (19, 23) .
Although mortality displacement is commonly mentioned in the scope of larger studies on heat and human health, systematic comparisons of displacement in multiple locations are rare (8) . There is no conclusive evidence that mortality displacement is a city-specific constant and that the number of deficit deaths scales with excess deaths. Instead, displacement could vary with the severity of heat or vary randomly, as is evidenced by the wide range in estimates (4) . In light of this knowledge gap, we aimed to quantify how excess and deficit mortality during and after heat waves combine to alter mortality displacement as a function of event strength and location in selected US metropolitan areas.
METHODS

Weather data
Seven cities were chosen to represent the climatic variety across the United States. Meteorological data were obtained from the National Climatic Data Center for Atlanta, Georgia; Boston, Massachusetts; Minneapolis-St. Paul, Minnesota; Philadelphia, Pennsylvania; Phoenix, Arizona; Seattle, Washington; and St. Louis, Missouri. Hourly values of apparent temperature (AT) were calculated using an adaptation of the Steadman equation (24), as follows:
where AT is the apparent temperature (°C), T is the dry-bulb temperature (°C), T D is the dew-point temperature (°C), and C is a wind correction factor. AT combines the effects of temperature and humidity-it serves as the basis of the National Weather Service Heat Index and has been commonly used in heat-mortality research (1) . It has been shown that AT is preferable to dry-bulb temperature for approximating the biological stress on the human body (24) . The constants were calculated from temperature and wind speed in a table also devised by Steadman and were linearly interpolated when necessary (24) . The daily maximum afternoon AT (MAT) was used for all subsequent analyses.
Mortality data
Daily all-cause mortality counts were obtained from the respective state departments of health for each of the study cities. The periods of record differed for each city, with the shortest record for Atlanta (14 years) and the longest for St. Louis (30 years) ( Table 1 ). The average length of record was 21 years. The associations of mortality with MAT, longterm trend, and seasonality components were estimated using a generalized additive model, as is common in epidemiologic time-series studies (13, 18, 25, 26) . We used a natural penalized spline with 5 degrees of freedom per year to model the seasonal and long-term trends and a natural penalized spline with 6 degrees of freedom to model the relationship with MAT. The generalized additive model we used is given as:
where α is the model intercept, s represents a penalized smoothing spline, df represents the number of degrees of freedom for each smoothing term, Time is a counter indicating the number of observations in the time series, and y represents the number of years in each city's period of record.
We then calculated the model-predicted values for each day in the time series, holding MAT constant at the mean MaySeptember MAT. This "baseline mortality" time series represents expected mortality from season and long-term time trends with any effect of MAT removed. The working unit of daily mortality in all subsequent analyses was the residual number of daily deaths from this baseline mortality time series. The mortality data utilized in this research consisted only of frequency counts for large metropolitan areas and have been de-identified. State governments archive these data for the purposes of retrospective analysis. Because personal identifiers have been redacted, consent is not required; as such, this research is exempt from the institutional review board according to Title 45, Part 46, Exemption Category 4.
Identifying heat events
Heat events were defined as 3 consecutive days in which the MAT exceeded a variable temperature threshold (AT*). Though metrics such as heat-wave duration can be used to quantify the "strength" of an event, in this article the term "event strength" refers to the temperature threshold used to classify periods of high heat as "heat events." We varied the temperature threshold from the 80th percentile to the 100th percentile of MAT for the period of record to search for heat events in each city. As the threshold was increased, the number of heat events became rarer. To preserve statistical robustness, only thresholds that identified 10 or more independent events were included in further analyses. Because of the discrete coding of the meteorological data, some increments in AT* identified the same events as belonging in another, minutely lower threshold. We only considered the most severe of these "redundant" thresholds for further analysis, resulting in a unique set of i thresholds and their corresponding lists of events, n i .
The length of each displacement period, l i,n , was the duration of the heat event plus either 15 days or the number of days before the next event, whichever value was less. Lagged mortality effects have been observed on time-scales that ranged from 2 days to months after the onset of environmental stress (4, 14) . Though deaths that are displaced further forward in time contribute to more life-time lost, our specific aim was to understand intraseasonal mortality. We formalized the definition of short-term mortality displacement to mean the displacement that occurs within a maximum of 15 days after the end of high heat. A fixed definition of the maximum value of l serves a dual purpose: 1) It allows us to compare the short-term mortality response of different cities and events rather than using a city-specific or thresholdspecific lag, and 2) it limits the noise in the mortality time-series that would be incorporated by examining aggregate deaths over a longer window. The sensitivity of our results to the choice of l is reported in the Web Appendix and Web Figure 1 , available at http://aje.oxfordjournals.org/.
Calculating mortality displacement
Mortality displacement is defined as the proportion of excess deaths displaced forward in time ( Figure 1A ). We find this proportion by summing the negative anomalies in a temporal window after a heat event and dividing by the sum of the positive anomalies. For each event at each threshold, 1 through n i , the sum of positive mortality residuals (Σ[+] i,n ) was calculated as the sum of mortality residuals from the onset of the heat event to lag l i,n (as defined above) only on days with mortality exceeding the baseline mortality (as There is a sharp peak in mortality after the onset of high heat (I). If mortality displacement is present, we observe negative mortality for a period after the initial peak (II) that lasts through lag l. Mortality displacement is the proportion of deaths during the heat wave that may have occurred regardless of high heat but were instead displaced forward in time, equal to area II divided by area I. B) The mortality signals of 2 proximal heat events overlaid. The distance, d, is the time between the onset of each event. C) The additive effect of the mortality signals in B. The mortality displacement of individual events can be influenced by the history of the system as well as future events. We tally the area under the curve from onset until lag l + d to find the overall mortality effect. Our total displacement is given by (II + IV) / (I + III). Figure 1A , respectively. Although these areas are idealized as being temporally contiguous (Figure 1 ), because of noise in the mortality time series, they invariably are not. In cases in which 2 successive events, n i,x and n i,x+1 , occurred less than l i,x days apart, the mortality anomaly in the overlapping period was attributed to the later event. Computationally, the specific heat event to which any mortality anomalies are attributed does not influence the results-every day within 15 days of a heat event and its corresponding mortality anomaly are included in the thresholdspecific displacement calculation but not more than once. The conceptual model of mortality displacement anticipates a mortality peak temporally close to the heat event followed by a shallower, extended negative period ( Figure 1A) . We did not make explicit the expected temporal segmentation in our calculation of displacement (i.e., only summing aboveexpected mortality for the first 5 days and only summing the below-expected mortality the last 10 days) because of the lack of a consensus over the time frames involved and the sensitivity of these estimates to varying definitions of heat waves (4). Rather, our approach required no assumption of a temporally coherent "displacement period." This simplified the calculation in the hypothetical case of 2 temporally proximate heat events and allowed the possibility of accounting for a mortality rebound after the displacement period (13) represents the total excess mortality during and a short time after all events of a given event strength i, whereas ΣΣ[−] i represents the total deficit mortality observed during these events. The mortality displacement ratio (MDR) for each event threshold was calculated as follows:
Point-wise 95% confidence intervals were generated from bootstrapped samples of heat events to illustrate the uncertainty in our estimate of the displacement ratio. Bootstrapped 95% confidence intervals were also constructed for the estimates of the excess and deficit deaths from repeated samples of Σ[+] i,n and Σ[−] i,n , respectively. Linear regressions were applied to the severity-displacement relationship to determine the MAT threshold at which heat began to contribute to nondisplaced mortality.
RESULTS
The average number of excess deaths increased as a function of threshold temperature in all cities (Figure 2 , black line, light shading). The shape of the trend in negative mortality was less related to event strength (Figure 2 , white line, dark shading). We defined mortality displacement as the ratio of the negative to positive accumulated departures at each MAT interval (Figures 2 and 3 ). This is equal to the pointwise ratio of the white lines to the black lines in Figure 2 for each MAT threshold and is shown in Figure 3 . The mortality displacement at lower event strengths approached unity for all cities, with only Philadelphia, Phoenix, and Seattle showing significant departures at the lowest thresholds considered (equal to the 80th percentile of MAT for the whole period of record (Figure 3) ). Displacement significantly decreased as a function of increasing threshold MAT. All 7 of the cities studied had at least 1 incremental bootstrapped confidence interval that did not include 1, indicating a statistically significant net association between mortality and heat once a high enough threshold was reached. The AT percentiles at which this divergence occurred varied from approximately 80% in Philadelphia and Phoenix to 95% in Boston (Table 1) . On the basis of results from linear least-squares regression, we found a statistically significant relationship between event strength and displacement (P < 0.001) in every city (Figure 4) . At the highest MAT thresholds examined, the mortality displacement ranged from 0.35 (95% confidence interval: 0.21, 0.55) in Philadelphia to 0.75 (95% confidence interval: 0.54, 0.97) in Boston; the average displacement across all cities at the highest MAT was 0.57. Thus, for the most severe heat events, approximately one-half of heat-related deaths were displaced.
DISCUSSION
Our results indicate that mortality displacement varies with both the severity of heat events and location. In accordance with the thoroughly documented U-shaped temperaturemortality response (1, 27), we expected a nonlinear increase in the mortality response with temperature. This qualitative feature was only observed in Philadelphia and St. Louis. the average number of deficit deaths in the displacement time period was generally invariant with event strength (Figure 2 , light lines and dark shading). This may indicate that even at the lowest event strengths considered (80th percentile of MAT for 3 days in a row), a frail subset of the population experiences a short-term displacement of mortality. As the event strength increases, there is a higher likelihood that heat stress will impact the healthier cohort. When this occurs, it is likely that the life-time lost will be greater than 15 days (i.e., the lag we investigated) (8) .
As defined herein, the mortality displacement of a purely noisy signal would theoretically be equal to 1. We found substantial divergence from this value at high temperatures in every city (Figure 3) . The individual shapes of the displacement functions of event strength varied by city, but all showed a negative relationship with AT ( Figure 4 ). This shows evidence that the number of displaced deaths does not simply scale up with the observed positive mortality, that is, displacement is not a city-specific constant. Rather, mortality displacement varies with event strength in a predictable way. It is apparent that a substantial proportion of deaths in each city are the result of short-term displaced mortality, even for the most severe events on record. Though these cities span a large range of mean temperatures, the ranges of mortality displacement observed across event strengths do not vary markedly between cities (Table 1) . Our results indicate that investigators must account for the phenomenon of mortality displacement to accurately assess the health burden of high temperature. Simply averaging anomalous deaths that occur the same day as or 1 day after a heat event may overestimate the actual mortality rate by a factor of 2 or more.
The most immediate aim of this displacement analysis was to assess net mortality as a function of heat-wave intensity. By determining when heat waves start to contribute to "excess" deaths (as opposed to simply displacing them) on an average basis, heat-wave warning protocols can be developed to target heat events that minimize the number of nondisplaced deaths and, by extension, life-time lost (17, 28) . Research has shown that the particulate-mortality response curves are altered by the presence of displacement in a times series (10) . It is conceivable that displacement could affect the heat-mortality response curve as well. Many authors have characterized the threshold temperature above which there is a significant health burden by examining how temperature correlates to mortality at 0-to 2-day lags (1) . The presence of displacement may alter this threshold. In the present study, we provide an alternate approach: When mortality displacement falls below 1, heat begins to exhibit a net impact on mortality. By fitting a simple linear regression to the empirical displacement function of each city, we can estimate where in predictor space the MDR departs from 1. This "departure temperature" is the apparent temperature at which we expect mortality in excess of the deaths that were simply displaced forward by a few weeks.
As expected, the onset of nondisplaced deaths occurs at higher absolute temperatures in warmer cities (16) (Figure 5 ). Acclimatization to heat events has been well documented, with warmer cities showing less of a mortality response for a given temperature (29) . There is a strong relationship (R 2 = 0.64) between the departure AT and mean city AT (Figure 5A) , showing that the onset of heat-related death is affected by adaptation to the long-term thermal environment that the residents of each city experience.
The departure temperature can be related to climatological variables that capture more saliently the level of a population's exposure to elevated heat. We expect the mean summer temperature (average temperature from May through September) to be strongly correlated with departure temperature. The relationship appears to be nonlinear, with departure temperature showing a weakening monotonic increase with average summer temperature ( Figure 5B) . A linear regression of logtransformed mean summer temperature accounts for almost four fifths of the variance observed (R 2 log ¼ 0:78, P < 0.01). Although there is strong evidence for acclimatization (i.e., the slope of this relationship is always positive), the association with acclimatization diminishes at higher temperatures. This could be indicative of a thermal physiological limit, suggesting that a population's susceptibility to elevated heat is a combination of both absolute temperature (°C) and relative temperature ( percentile of observed temperature). If a universal relationship between mean temperature and susceptibility to heat can be identified, this information could profoundly impact heat-wave warning protocols by providing systematic guidance for public health personnel on appropriate initial thresholds for intervention measures. In locations in which mortality data and/or epidemiologic research are lacking with respect to a population's sensitivity to heat, one could predict the onset of significant heat-related mortality by interpolating from the displacement temperature relationships to climate ( Figure 5 ). However, our study used data from only 7 cities, so much additional research is required to test and validate this hypothesis before this approach could be used in an operational setting.
The methods presented are useful in describing gross aggregate trends in mortality displacement, but they would be less useful in examining individual heat events. Our approach was effective because it aggregated single-event MDR weighted by the total number of deaths instead of the highly skewed displacement ratios developed from individual heat events. A displacement ratio of 0 would indicate that all of the deaths following any given heat event could be attributed to elevated temperature, whereas a ratio of 1 would indicate that the heat event did not result in the deaths of otherwise healthy persons in the population. Mortality displacement ratios for individual heat events of the same severity criterion ranged from 0 to 6 in some cities, and the arithmetic mean of all of the single-event displacement ratios was considerably larger than 1, a result that would indicate that heat waves actually have a protective effect. This is certainly not a hypothesis we forward, but it serves to highlight the usefulness of the approach we used here in evaluating noisy time series.
Our analysis assumes a relationship between mortality and high heat. Other collinear predictor variables may confound our interpretation, and these should be considered in future studies. Associations with fine particulate pollutants and heat-wave duration are a few of factors that may affect heat-related mortality and the mortality displacement metric (4, 13, 17) . In the case of particulates, numerous studies report little to no short-term displacement with respect to mortality attributed to high concentrations of particulate matter (13, (30) (31) (32) . If a portion of the deaths attributed to heat in the present study were in fact related to high concentrations of particulate matter, we underestimated the heat-related mortality displacement effect. As long-term continuous time series of particulate data become available, a more thorough investigation of these potential confounding effects would be useful. Alternate event classification metrics previously associated with a stronger mortality response (20) , such as duration of high heat and within-season timing, exhibited a similar negative relationship with displacement (Web Appendix and Web Figures 1 and 2 ). The removal of high mortality days from the analysis did not substantially change observed displacement (Web Figure 3) . We did not consider temporal changes in heat-related mortality, which has the potential to impact our results (1, 5) .
Although MDRs showed a marked decline with event severity, for most cities the severe events did not fall below 0.5. Thus, more than half of the excess deaths observed within 15 days after heat events were accounted for by deficit mortality during the same period, and in a number of cases, this ratio was closer to 60%. Our results suggest that mortality displacement is an important consideration when examining the net influence of heat events on mortality. Failing to account for this lagged phenomenon could result in substantial overestimations of the association between heat and mortality. We show strong evidence for a relationship between the onset of nondisplaced deaths and the long-term heat environment. Future studies should aim to incorporate additional cities to better understand the geographic patterns of mortality displacement, as well as to improve our understanding of the component of mortality displacement that may be universal rather than location-specific.
